Introduction
The dynamic model proposed by Germano [4] has numerical stability problems. These problems are caused by negative values and a large fluctuation in the dynamic coefficient, C. To ensure numerical stability, the dynamic coefficient must be averaged in some homogeneous direction or be clipped in an ad hoc manner. The averaging is not applicable to three-dimensional flows, where there are no homogeneous directions. Furthermore, ad hoc modification should be avoided if we wish to develop 'universal' turbulence models. In his attempt to improve the dynamic model, Ghosal et al [5] attempted to optimize the equation for C globally, but still with the constraint that C 0. This optimization gave Fredholm's integral equation of the second kind, which is very expensive to solve.
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Subgrid models and their properties
Two one-equation subgrid models are used in the present study. The first model was developed by Davidson [1] (OEM). This model has also successfully been applied to fully developed channel flow [9] and vortex shedding flow around square cylinders [16] . The modeled transport equation for the subgrid kinetic energy, k sgs , reads 
Here,
where L i j denotes the dynamic Leonard stresses and K 1 2 T ii is the subgrid kinetic energy on the test level. The coefficient, C y , has the form
with
To ensure numerical stability, a constant value of C in space, (
All local dynamic information is included through the source terms. This is physically more sound since large local variations in C appear only in the source term and the effect of the large fluctuations in the dynamic coefficients will be smoothed out. The coefficients in the one-equation model affect the stresses in only an indirect way. In the standard dynamic model, the C coefficient is linearly proportional to the stresses. The second model studied in this paper is the localized dynamic k sgs equation model (LDKM) proposed by Menon and Kim [11] . In the LDKM, the following transport equation is solved:
ONE-EQUATION SGS MODELS IN RECIRCULATING FLOWS
and
If we follow Vreman [17] , SGS models should share some basic properties with the exact SGS stress tensor, τ i j . i
£
Since τ i j is a symmetric tensor, the modeled τ i j should also be symmetric. ii
The Navier -Stokes equations and their filtered form are Galilean invariant. They should retain this property even after τ i j is replaced by the model. iii £ Since τ i j should remain positive definite for positive filters, the model for τ i j should remain positive definite as well if a positive filter is applied. Both models fulfill symmetry of τ i j and Galilean invariants. They also fulfill realizability conditions if following constraints are put on coefficient C: [8] 
Results
This work uses a 3-D finite-volume method for solving the incompressible NavierStokes equations. Both convective and viscous plus subgrid fluxes are approximated by central differences of second-order accuracy. A Crank-Nicolson secondorder scheme was used for time integration. The momentum equations are solved with the Gauss-Seidel method whereas a multigrid V-cycle is used for the acceleration of convergence when solving the pressure equation [2, 3, 7] .
Flow around a surface-mounted cube
The first case selected for simulation in this work was the flow around a surfacemounted cubical obstacle placed on a channel wall at Re Fig. 5a ).
Exp. 
GLOBAL QUANTITIES
Both OEM [1] and LDKM [11] are used in the present study. The mean and RMS lift and drag coefficients are presented in Table I . The time history of C D and C L is given in Fig. 1a . There are no experimental values for drag and lift coefficients known to the authors. The values of mean and RMS values for OEM and LDKM are very similar.
STATISTICS OF THE MEAN FLOW
A series of time-averaged resolved velocities and turbulent stresses are computed and compared with the experiments. These results are presented in Fig. 2 . As can be seen, the predictions without a model give poor agreement, whereas the two subgrid models give good agreement with experiments. The separation region at the top of the cube without a model is much too thin. This is probably because, without a model, the resolved fluctuations are not damped by any subgrid vis- cosity, and the resolved fluctuations consequently become too large. This gives too large a turbulent diffusion, making the separation region smaller and thinner. It can be seen in Fig. 2 that the resolved shear stress © u v t without a model is not larger than those obtained with a model; however, care should be taken when comparing these, since the time-averaged velocity fields are very different. Instead, we could argue as follows: the resolved shear stress without a model is of the same magnitude as with a model, although the velocity gradient of the time-averaged velocity field without a model is much smaller; thus, taking into account the difference in the time averaged velocity fields, the resolved shear stress without a model is indeed larger. Both one-equation models gave similar results, but OEM gave perhaps slightly better results downstream in the wake region. The effect of the models is noticeable in a comparison with the calculation without a model. These differences are especially noticeable close to the roof of the cube and far downstream. The case studied in this paper was a test case at the 6th ERCOFTAC/IAHR/COST Workshop on Refined Flow Modelling in Delft (1997) using RANS Models. The velocity profiles, especially further downstream of the cube, are much better predicted by LES in the present work. The turbulence stresses are in significantly better agreement with the experimental values. Oscillations are present in the mean velocity profile In Fig. 3 , the oil-film visualization by Martinuzzi and Tropea [10] is compared with streamlines projected onto the floor. The predicted streamline pictures show most of the details observed in the experiments. In the experiments, Martinuzzi and Tropea observed three main curves in front the cube. Curve A corresponds to the primary, upstream separation curve and curve B corresponds to the approximate time-averaged location of the horseshoe vortex. Curve C indicates a secondary recirculation at the front base of the cube [10] . Curves A and C are very clearly visible in the picture of the predicted streamlines, while curve B is somewhat weaker. The uncertainty of the experiment in this region is very large, and the flow between curves A and B is unstable. From this we conclude that it is not clear whether experiments or LES give better results in this part of the domain. The contour of the recirculation downstream of the cube is also clearly visible. Because of the inability to average over statistically equivalent points, the symmetry was used as a measure of whether the simulation was run for a sufficiently long time. The averaging time in the simulation was 150H ¦ U b (3750 time steps). As can be seen in Fig. 3 , the surface streamlines downstream the cube are not fully symmetric, which indicates that the number of averaging samples is too small. Figure 4 , plots the streamlines in the symmetry plane. The arch vortices and the head of the horseshoe are clearly visible in this picture. The re-attachment length, X R1 , and separation lengths, X F1 , and X T (Fig. 5a ), are determined from the distribution of the skin friction coefficient C f Fig. 5b ).
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Comparisons of different time-averaged recirculation lengths with experiments are shown in Table I .
THE REVERSE FLOW OF ENERGY
Special care was given to the phenomenon of 'backscatter'. It is well known that, in addition to the transport of the turbulent energy from large to small scales, the reverse transport is also possible ('backscatter'). Both one-equation models are able to predict negative production ('backscatter'). Depending on how large a fraction of the total energy transport is contained in the reverse transport, backscatter can be of importance. Constant C in the model ν sgs
sgs is allowed to be negative in the production term in both OEM and LDKM. When C becomes negative, it is believed that it represents 'backscatter'. Production term P k sgs Fig. 7b ). One iso-surface of the mean production term for LDKM is shown in Fig. 8a . It can be seen that the strongest backscatter is more uniformly distributed near the front vertical corners than in OEM. In Fig. 8b ) it can be seen that LDKM predicts backscatter far upstream of the cube, in regions where the grid is refined. Thus LDKM seems to be more sensitive to grid refinement than OEM; this is because LDKM is more local than OEM. One can also find low-value backscatter located in the recirculation zone in front and on the roof of the cube, Fig. 8b ).
SENSITIVITY TO GRID REFINEMENT
Sensitivity to grid refinement in both time and space was studied. A similar study using the Smagorinsky model is reported in [7] . It is very difficult to study sensitivity to grid refinement because refining the grid also changes the model. This
It is possible to define∆ so that it is mesh independent, but this would drastically increase the cost of the calculation. We found that this mesh with only 270600 nodes gave results comparable with results from the LES workshops [6, 14] , where some participants used more than 10 6 nodes. In the present study, a refinement of the mesh did not produced obviously better results. The power density spectrum for the resolved streamwise fluctuation u 2 is shown in Fig. 1b . We can see that there is a tendency a)
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Conclusions
A comparison of two one-equation subgrid models is made. Both models gave results in very good agreement with experiments. Results for statistics of the mean flow in computation with the two models were compared with computation without a model. The prediction with the two models gave better results then computation without a model. Poor agreement in the wake region is due to the coarse mesh in that part of the domain. One-equation SGS models offer a number of advantages over the Germano model. 1. One-equation models can predict backscattering. 2. In the Germano model the dynamic coefficient must be clipped and/or averaged in the homogeneous direction(s). In one-equation models the local values of the dynamic coefficients can be used. 3. Although an additional transport equation need to be solved, one-equation models are often computationally cheaper than the Germano model, thanks to greater numerical stability [15] . 4. The normal SGS stresses can be computed. This is important when predicting acoustics with LES [12] .
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